We investigate the equilibrium unfolding of Zn-cytochrome c by three-pulse photon echo peak shift spectroscopy. The wavelength dependence of the asymptotic peak shift reveals a bimodal inhomogeneous distribution function characteristic of two-state unfolding.
Introduction
Many proteins are thought to exist as a mixture of two or three distinct sets of functional conformational states that interconvert on millisecond and longer timescales. This conformational diversity may be reflected in broadening of a bound cofactor's electronic lineshape. The inhomogeneous distribution function (IDF) may therefore have a complex shape that reflects this biochemically-significant conformational distribution. Equilibrium unfolded mixtures of proteins are typical examples, in which it is often sought to distinguish between two and three-states by, for example, fitting a series of absorption spectra as a function of temperature or denaturant concentration. Here, we demonstrate that photon echo measurements on the Soret band of Zncytochrome c (Zn cyt c) can distinguish between two or three state models.
3PEPS is an electronic four-wave mixing technique that provides valuable information on unfolded states and the folding process. The measurements reveal the time scales of collective coordinates corresponding to protein motions coupled to the electronic transition. 3PEPS has a number of advantages compared to transient absorption or emission measurements: 1) the peak shift decay is typically insensitive to the decay of excited state population, so the complex fluorescence decay kinetics usually observed in proteins are not convoluted with time scales of protein motions 2) fluorescent cofactors are not necessary 3) 3PEPS can be used to quantify inhomogeneous broadening, which characterizes the static disorder of the system. From a model based on impulsive excitation of a two-level system coupled to a classical bath of harmonic oscillators [1] , it is found that the initial peak shift is related to the homogeneous linewidth, Г, i.e. τ * (0)≈(Γπ) −1 , whereas at long delay times, the asymptotic peak shift (APS) is related to the inhomogeneous width,
The inhomogeneous distribution function (IDF) is usually assumed to be Gaussian. Here, we show that it is possible to resolve the shape of the IDF, thereby providing a more realistic model of the conformational distribution.
Methods
Zn cyt c was prepared with published methods. Denatured and intermediate unfolded samples were prepared by adding GuHCl to pH 7, 100 mM phosphate buffer solution to obtain concentrations of 4.5 M and 2.5 M GuHCl respectively. Experiments were performed on samples of 150 µM concentration, in a 250 µm path length spinning cell with 45 fs pulses (~6 nm bandwidth) from the second harmonic of a mode-locked Ti:sapphire oscillator cavity dumped at 40 kHz. 3PEPS measurements were performed as described previously [2] .
Results and discussion
Several features of the 3PEPS data ( Figure 1 , left) depend on the conformational state. Here, we focus on the APS, and its wavelength dependence, which reflects the shape of the IDF. The increase in the APS is consistent with the larger conformational diversity expected of an unfolded protein relative to the folded state. The largest APS, observed for the intermediate state, is consistent with the larger absorption bandwidth of this sample relative to the folded or unfolded states (see inset to Figure 1, left) .
We modified the nonlinear response function formalism to account for the multi-modal IDF. The line broadening function, g(t) is a sum of Kubo oscillators and damped vibration oscillators, with parameter values taken from our previous work on native Zn-cyt c [2] . We simulated the APS as a function of GuHCl concentration and pump laser wavelength for both two-and three-state models. To obtain the conformer populations as a function of denaturant concentration, we fit the measured absorption spectra as a function of GuHCl concentration to both two-and three-state unfolding models using the global fitting method of Latypov et al [3] . The two-and three-state models are described by the equilibrium relations given in Figure 1 , center. In the two-state model, the folded conformer (F) directly unfolds to the unfolded conformer (U) whereas in the three-state model, an intermediate conformer (I) is present. Each transition (F-to-U, F-to-I, I-to-U) is described by a midpoint concentration C m (1, 2) and slope m (1, 2) that describes a linear dependence of the Gibbs energy on denaturant concentration.
We used the same homogeneous line broadening function for all three states, but set Δ in =150 cm -1 , 260 cm (1, 2) and m (1, 2) ). The corresponding optical response function is a sum of these conformers, with the response of each conformer weighted according to its population. The calculation includes the effects of finite pulse duration (45 fs), bandwidth, and center wavelength [4] . The model line-broadening functions predict similar initial peak shifts (τ * (0)∼25 fs) larger than the experimental values (~ 14 fs). This discrepancy arises because high-frequency vibrations, outside of the laserpulse bandwidth [5] , have not been included in the line-broadening function. The simulation reproduces the prominent oscillation in the experimental data, and the three samples have identical peak and trough positions, but they are not as well-resolved in the experiment due to limitations in the signal to noise. However, the APS from the simulations are 4.2 fs, 5.7 fs and 7.8 fs for native, unfolded and midpoint states respectively, which match the experimental values within the measurement error. We employed these line-broadening functions to calculate the APS as a function of GuHCl concentration for two-and three-state models (Figure 1, center) . In the three-state model, the APS increases from 0 to 2.5 M GuHCl, then decreases and levels off above 3.5 M GuHCl, where the populations are constant. Below 2.5 M GuHCl, the difference between two and three-states is insignificant. However, the predictions of the two models differ significantly in the 2.5 M to 3.5 M GuHCl range. A titration measurement in this concentration window could be useful for distinguishing between two and three-state models, since the APS values differ significantly, and exceed the error of the experiment (typically < ±0.5 fs).
Finally, we investigated the effect of excitation wavelength on the APS by varying the laser wavelength both experimentally and numerically at 2.5 M GuHCl (Figure 1, right) . For the three-state model, the APS increases when the laser wavelength is tuned to 428 nm. This result is physically reasonable because the 0-0 transition for the I-state is assumed to be at 426 nm. Therefore, the pump laser bandwidth preferentially probes this conformer, which has the largest value of Δ in . For a similar reason, the APS reaches its maximum at 420 nm for the two-state model, because the U-state is preferentially probed. The experimentally-determined APS at four wavelengths (Figure 1 , right) are more consistent with the values and the trend predicted by the two-state model. 
Conclusion
We demonstrated that 3PEPS is capable of revealing the bimodal shape of the IDF. It is anticipated that other methods, such as 2D-FTS should be capable of characterizing the shape of the IDF, thus revealing distributions of protein conformational states that are hidden within a room-temperature absorption spectrum. TuG4.pdf
